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USE OF SECRETIN IN TREATMENTS OF DISORDERS 

5 ASSOCIATED WITH THE AMYGDALA 

BACKGROUND OF THE INVENTION 
The invention relates to the field of treatment of neurological and 
psychological disorders. 

10 Investigations which utilize functional magnetic resonance imaging 

(fMRI) techniques have begun to map the regions of the brain that are active 
during learning, memory, and emotional experiences. Of these regions, the 
amygdala and the prefrontal cortex have been shown to be particularly 
important in affective ejcperience and its modulation. The amygdala has 

1 5 consistently emerged as one of the most critical for ascribing emotional 

significance to stimuli and influencing affective responsiveness and emotional 
learning (LeDoux, 1996; Davis, 1997). Neuroinmging studies of adults have 
shown that the amygdala often produces inoreased activation in response to 
several types of affective stimuli, and is activated consistently during the 

20 perception of fearful facial expressions (Breiter and Rauch, 1996; Morris et al., 
1996; PhilUps et al., 1997; Baird et al., 1999). fMRI investigations of 
individuals with affective disorders, schizophrenia (Kosaka et al., 2002), and 
autism (Baron-Cohen et al., 1999) have shown an abnormal activation of the 
amygdala in response to facial emotions and other social stimuli. 

25 Neuroimaging research has also shown that the same amygdala regions 

that are responsive to the affective value of visual stimuli are also sensitive to 
pharmacologic manipulation. For example, Kalin and colleagues (1997) 
demonstrated that while viewing positively and negatively valenced stimuU, 
depressed patients, unlike control subjects, displayed no amygdalar activation 

30 in response to positive stimuli diuing a baseline evaluation (Kalin et al., 1997). 
However, following treatment with venlafaxine, depressed patients showed a 



wo 2004/100899 



PCT/US2004/01S282 



significant increase in activation to the same positive stimuli. In a study by 
Sheline and colleagues, depressed patients initially showed increased activation 
in the left amygdala compared to control subjects when viewing masked 
emotional faces. Following treatment, the depressed patients exhibited 
decreased activation in the left amygdala compared to baseline, whereas, 
control subjects demonstrated no difference in activation between the initial 
and follow up scans (Sheline et al., 2001). In an additional recent study using 
negatively and positively valenced words as stimuli, Siegle et al. reported that 
amygdalar activation to negative words in depressed patients extended 
significantiy longer than the activation produced by control subjects (Siegle et 
al., 2002). Moreover, a recent study by Hariri et al. (2002) reported increased 
amygdalar responsivity to facial affect in healthy subjects following the 
administration of dextroamphetamme, a dopaminergic psychostimidant. The 
authors suggested that this augmentation may be due to either dopamine- 
mediated enhancement of excitatory input to the amygdala or attenuation of 
inhibitory prefrontal input (Hariri et al., 2002). 

Abnormal amygdalar function is implicated in many disorders, such as 
bipolar disorder, that are often recalcitrant to treatment or require treatments 
that have significant side effects. By focusing on normalizing amygdalar 
function, it may be possible to treat a variety of conditions with only one 
therapeutic agent or combmation of therapeutic agents. Accordingly, there is a 
need for novel therapeutic agents to treat disorders associated with the 
amygdala. 



SUMMARY OF THE INVENTION 
In general, the present invention provides methods for treating disorders 
associated with the amygdala. The methods of treatment are based on the 
administiration of a therapeutically effective amount of secretin to an individual 
suffering from a disorder associated with the amygdala, e.g., bipolar disorder oi 
a substance use disorder. 



wo 2004/100899 



PCT/US2004/015282 



Accordingly, the invention features a method for treating an individual 
suffering from a disorder associated with the amygdala by administering a 
therapeutically effective amount of secretin to the individual. The 
therapeutically effective amount is, for example, 2 clinical units of secretin per 
5 kilogram of bodyweight, and the secretm is administered, for example, by an 
intravenous, bolus infusion. 

In addition, the methods of the invention may include a step of 
diagnosing a subject with a disorder associated with the amygdala, e.g., bipolar 
disorder, prior to administration of secretm. The administration may also occm 
10 while the patient is receiving continuing treatment by a medical professional. 
Exemplary disorders associated with tihe amygdala include bipolar 
disorder, anxiety disorders, panic disorder, obsessive-compulsive disorder 
(OCD), post-traumatic stress disorder (PTSD), phobias, generalized anxiety 
disorder (GAD), schizophrenia, ADHD, depression, a substance use disorder, 
15 and cyclothymia. Preferred disorders for treatment by the methods of the 
invention include bipolar disorder, panic disorder, post-traumatic stress 
disorder (PTSD), phobias, generalized anxiety disorder (GAD), a substance use 
disorder, and cyclothynaia. 

The method may further include administering an antidepressant, 
20 anticonvulsant, antianxiety, antimanic, antipsychotic, antiobsessional, sedative- 
hypnotic, stimulant, or anti-hypertensive medication. Exemplary 
antidepressant, anticonvulsant, antianxiety, antimanic, antipsychotic, 
antiobsessional, sedative-hypnotic, stunulant, or anti-hypertensive medications 
include alprazolam, buspirone hydrochloride, chlordiazepoxide, 
25 chlordiazepoxide hydrochloride, clorazepate dipotassium, desipramine 

hydrochloride, diazepam, halazepam, hydroxyzine hydrochloride, hydroxyzine 
pamoate, lorazepam, meprobamate, oxazepam, prazepam, prochlorperazine 
maleate, prochlorperazine, prochlorperazine edisylate, tiimipramine maleate, 
amobarbital, amobarbital sodram, carbamazepine, chlordiazepoxide, 
30 chlordiazepoxide hydrochloride, clorazepate dipotassium, diazepam, 

. 3 
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divalproex sodium, efliosuximide, ethotoin, gabapentin, lamotrigine, 
magnesium sulfate, mephenytoin, mephobarbital, methsuximide, 
paramethadione, pentobarbital sodium, phenacemide, phenobarbital, 
phenobarbital sodium, phensuximide, phenytoin, phenytoin sodium, primidone, 
5 secobarbital sodium, trimethadione, valproic acid, clonazepam, amitriptyline 
hydrochloride, amoxapine, bupropion hydrochloride, clomipramine 
hydrochloride, desipramine hydrochloride, doxepin hydrochloride, fluoxetine, 
fluvoxamine, imipramine hydrochloride, imipramine pamoate, isocarboxazid, 
lamotrigine, maprotoline hydrochloride, nortriptyline hydrochloride, paroxetine 
1 0 hydrochloride, phenelzine sulfate, protriptyline hydrochloride, sertraline 

hydrochloride, tranylcypromine sulfate, trazodone hydrochloride, trimipramine 
maleate, venlafaxine hydrochloride, lithium carbonate, lithium citrate, 
fluvoxamine, clomipramine hydrochloride, acetophenazme maleate, 
chloipromazine hydrochloride, chloiprothixene, chloiprothixene hydrochloride, 
1 5 clozapine, fluphenazine decanoate, fluphenazine enatbrate, fluphenazine 

hydrochloride, haloperidol decanoate, haloperidol, haloperidol lactate, loxapine 
hydrochloride, loxapine succinate,"mesoridazine besylate, mohndone 
hydrochloride, perphenazine, pimozide, prochlorperazine maleate, 
prochlorperazine, prochlorperazine edisylate, promazine hydrochloride, 
20 risperidone, thioridazine, thioridazine hydrochloride, thiothixene, thiothixene 
hydrochloride, trifluoperzme hydrochloride, amobarbital, amobarbital sodium, 
aprobarbital, butabarbital, chloral hydrate, chlordiazepoxide, chlordiazepoxide 
hydrochloride, clorazepate dipotassium, diazepam, diphenhydramine, 
estazolam, ethchlorvynol, flurazepam hydrochloride, glutethimide, 
25 hydroxyzine hydrochloride, hydroxyzine pamoate, lorazepam, 

methotrimeprazine hydrochloride, midazolam hydrochloride, oxazepam, 
quazepam, secobarbital sodium, temazepam, triazolam, Zolpidem tartrate, 
dextroamphetamine sulfate, mefliamphetamine hydrochloride, methylphenidate 
hydrochloride, pemoline, and clonidine. 



4 
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By a "disorder associated with the amygdala" is meant any disorder that 
involves abnormal functioning in the amygdala. Exemplary disorders include 
bipolar disorder, anxiety disorders such as panic disorder, obsessive- 
compulsive disorder (OCD), post-traumatic stress disorder (PTSD), phobias 
5 (e.g., specific phobia and social phobia), and generalized anxiety disorder 
(GAD), schizophrenia, ADHD, depression, a substance use disorder, and 
cyclothymia. Preferred disorders associated with the amygdala include bipolar 
disorder, anxiety disorders such as panic disorder, post-traumatic stress 
disorder (PTSD), phobias (e.g., specific phobia and social phobia), and 

1 0 generalized anxiety disorder (GAD), a substance use disorder, and 

cyclothymia. One skiUed in the art can diagnose Aese conditions based on 
standard diagnostic tools, e.g., the Diagnostic and Statistical Manual of Mental 
Disorders, 4* ed. (DSM-IV) American Psychiatric Association, 1994. In 
certain embodiments, autism is excluded firom disorders associated with the 

15 amygdala. 

By "treating" is meant the medical management of a patient with flie 
intent that a cure, stabilization, or amelioration of the symptoms will result. 
This term includes active treatment, that is, treatment directed specifically 
toward improvement of the disorder; palliative treatment, that is, treatment 

20 designed for the relief of symptoms rather than the curing of the disorder; 
preventive treatment, that is, treatment directed to prevention of the disorder; 
and supportive treatment, that is, treatment employed to supplement another 
specific therapy directed toward the improvement of the disorder. The term 
"treatmenf ' also includes symptomatic treatment, that is, treatment directed 

25 toward constitutional symptoms of the disorder. 

By "therapeuticaUy effective amount" is meant an amount of secretin 
sufficient to produce a healing, curative, stabilizmg, or ameliorative effect 
either in the treatment of a disorder associated with the amygdala, for example, 
bipolar disord^. 



5 
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Other features and advantages of the invention will be apparent from the 
following description and the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 FIG. 1 is a schematic diagram of the fMRI timeline for observation of 

activity in the amygdala. 

FIGS. 2A-2C are a series of images showing the activation of the 
amygdala in response to fearful faces. 

FIGS. 3A-3C are a series of images showing the secretin-induced 
10 increase in activation of the amygdala in response to fearful faces. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention features methods for treating patients suffering 
from a disorder associated with the amygdala, e.g., bipolar disorder, by 
1 5 administering secretin. 

Secretin 

Secretin is a polypeptide hormone released when acid chyme enters the 
intestine. This hormone stimulates the release from the pancreas of fluids that 

20 contain bicarbonate and water, which when secreted into the intestine, raise the 
local pH by neutralizmg stomach acid. This change in pH is necessary to 
increase the efficiency of digestive en2ymes. Secretin is FDA approved for use 
in diagnostic tests for individuals with gastrointestinal disorders. 

The methods described herein involve the administration of a 

25 therapeutically effective amount of secretin to an individual suffering from a 
disorder associated with the amygdala. Full-length synthetic human secretin is 
available from Repligen Corporation (Waltham, MA) as RG1068 or 
SecreFlo™. Altematively, secretin may be synthesized using synthetic or 
recombinant methods known in the art. The secretin may, for example, be 

30 human (GenBank accession mmiber S07443; 

6 
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HSDGTFTSELSRLREGAKLQRLLQGLV; SEQ ID NO: 1), recombinant 
human, or porcine (GenBank accession number SEPG; 
HSDGTFTSELSRLRDSARLQRLLQGLV; SEQ ID NO: 2), or may be any 
secretin fiagment or analog that exhibits at least 20%, preferably 30%, 50%, oi 
5 60%, and most preferably 70%, 85%, 90%, or even 95% of the activity of fuU- 
length, wild-type himian secretin. 

Secretin may be administered by any appropriate route for treatment, 
stabilization, or prevention of a disorder associated with the amygdala. . 
Secretin may be administered to humans with a pharmaceutically acceptable 

1 0 diluent, carrier, or excipient, in unit dosage form. Administration may be oral, 
topical, transdermal, parenteral, intravenous, intra-arterial, subcutaneous, 
intramuscular, mtracranial, intraorbital, ophthalmic, intraventricular, 
intracapsular, intraspinal, intracistemal, intraperitoneal, intranasal, aerosol, by 
suppositories, or by any other suitable route of administration. 

15 Therapeutic formulations may be in the form of liquid solutions or 

suspensions; for oral administration, formulations may be in the form of tablets 
or capsules; and for intranasal formulations, in the form of powders, nasal 
drops, or aerosols. 

Methods well known in the art for making formulations are found, for 
20 example, in Remington: The Science and Practice of Pharmacy (20th ed., A.R. 
Gennaro ed., Lippincott: Philadelphia, 2000). Formulations for parenteral 
administration may, for example, contain excipients, sterile water, saline, 
polyalkylene glycols such as polyethylene glycol, oils of vegetable origin, or 
hydrogenated naphthalenes. Biocompatible, biodegradable lactide polymer, 
25 lactide/glycolide copolymer, or polyoxyethylene-polyoxypropylene 
copolymers may be used to control tiie release of the compounds. 
Nanoparticulate formulations (e.g., biodegradable nanoparticles, solid Upid 
nanoparticles, and liposomes) may be used to control the biodistribution of the 
compounds. Other potentially useful parenteral delivery systems include 
30 ethylene-vinyl acetate copolymer particles, osmotic pumps, implantable 

7 
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infusion systems, and liposomes. Formulations for inhalation may contain 
excipients, for example, lactose, or maybe aqueous solutions containing, for 
example, polyoxyethylene-9-lauryl ether, glycholate and deoxycholate, or may 
be oily solutions for administration in the form of nasal drops, or as a gel. The 
5 concentration of the compound in the formulation will vary depending upon a 
number of factors, including the dosage of the drug to be administered, and the 
route of administration. 

Secretin may be optionally administered as a pharmaceutically 
acceptable salt, such as a non-toxic acid addition salts or metal complexes that 
1 0 are commonly used in the pharmaceutical industry. Examples of acid addition 
salts include organic acids such as acetic, lactic, pamoic, maleic, citric, malic, 
ascorbic, succinic, benzoic, pahnitic, suberic, saUcylic, tartaric, 
methanesulfonic, toluenesulfonic, or trifluoroacetic acids or the like; polymeric 
acids such as tannic acid, carboxymethyl cellulose, or the like; and inorganic 
1 5 acids such as hydrochloric acid, hydrobromic acid, sulfuric acid, phosphoric 
acid, or the like. Metal complexes include zinc, iron, and the like. 

Conventional pharmaceutical practice may be employed to provide 
suitable formulations or compositions to administer secretin to patients 
suffering from a disorder associated with tiie amygdala. Administration may 
20 begin before, during, or after the patient is symptomatic. 

The formulations can be administered to human patients in 
therapeuticaUy effective amounts to provide therapy for a disorder associated 
with the amygdala, e.g., bipolar disorder. A typical dose for administration in 
the methods described herem is 2 clmical units (CU)/kg of body weight. For 
25 SecreFlo^, 1 CU is equivalent to 0.2 ng. The cUnical unit is as defined by 
Joipes et al. (1966). The dose may, however, range, for example, from about 
0.05 ng/kg to about 20 iig/kg of body weight per administi^tion, e.g., at least 
0.1, 0.2, 0.5, 1, 5, 10, or 15 jig/kg or at most 0.1, 0.2, 0.5, 1, 5, 10, or 15 ^g/kg. 
The exemplary dosage of secretin to be administered is likely to depend on 
30 such variables as tiie type and extent of the disorder, the overall healtii status of 

8 
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the particular patient, the formulation of the compound, and its route of 
administration. Standard clinical trials may be used to optimize the dose and 
dosing frequency for secretin for a particular disorder. 

Secretin may be administered as the primary drug or as an adjunct to 
5 standard therapy. Stsmdard therapies for disorders associated with the 

amygdala are known in the art. Preferably, the compounds of the invention, 
may be administered in conjunction with lower doses of current treatments for 
these disorders, including stimulants and antidepressants. For example, the 
compounds of the invention may be administered with phospholipids, e.g., 

1 0 lecithin, or with brain phospholipid precursors, e.g., fatty acids or lipids, or 
may be administered as an adjunct to standard therapy for the treatment of 
bipolar disorder or substance use disorders^ 

Secretin may also be administered in combination with an 
antidepressant, anticonvulsant, antianxiety, antimauic, antipsychotic, 

15 antiobsessional, sedative-hypnotic, stimulant, or anti-hypertensive medication. 
Examples of these medications include, but are not limited to, the antianxiety 
medications, alprazolam, buspirone hydrochloride, chlordiazepoxide, 
chlordiazq>oxide hydrochloride, clorazepate dipotassium, desipramine 
hydrochloride, diazepam, halazepam, hydroxyzine hydrochloride, hydroxyzine 

20 pamoate, lorazepam, meprobamate, oxazepam, prazepam, prochlorperazine 
maleate, prochlorperazine, prochlorperazine edisylate, and trimipramine 
maleate; the anticonvulsants, amobarbital, amobarbital sodium, carbamazq>ine, 
chlordiazepoxide, chlordiazepoxide hydrochloride, clorazepate dipotassium, 
diazepam, divalproex sodium, ethosuximide, ethotoin, gabapentin, lamotrigine, 

25 magnesium sulfate, mephenytoin, mephobarbital, metihsuximide, 
parame&adione, pentobarbital sodium, phenacemide, phenobarbital, 
phenobarbital sodium, phensusdmide, phenytoin, phenytoin sodium, primidone, 
secobarbital sodium, trimethadione, valiMX)ic acid, and clonazepam; the 
antidepressants, amitriptyline hydrochloride, amoxapine, bupropion 

30 hydrochloride, clomipramine hydrochloride, desipramine hydrochloride, 

9 
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doxepin hydrochloride, fluoxetine, fluvoxamine, imipramine hydrochloride, 
imipramine pamoate, isocarboxazid, lamotrigine, maprotoline hydrochloride, 
nortriptyUne hydrochloride, paroxetine hydrochloride, phenelzine sulfate, 
protriptyline hydrochloride, sertraline hydrochloride, tranylcypromine sulfate, 
5 trazodone hydrochloride, trimipramine maleate, and venlafaxine hydrochloride; 
the antimanic medications, lithium carbonate and lithium citrate; the 
antiobsessional medications, fluvoxamine, and clomipramine hydrochloride; 
the antipsychotic medications, acetophenazine maleate, chloipromazine 
hydrochloride, chlorprothixene, chloiprothixene hydrochloride, clozapine, 
10 fluphenazine decanoate, fluphenazine enathrate, fluphenazine hydrochloride, 
haloperidol decanoate, haloperidol, haloperidol lactate, lithium carbonate, 
lithium citrate, loxapine hydrochloride, loxapine succinate, mesoridazine 
besylate, molindone hydrochloride, perphenazine, pimozide, prochlorperazine 
maleate, prochlorperazine, prochlorperazine edisylate, promazine 
1 5 hydrochloride, risperidone, thioridazine, thioridazine hydrochloride, 

thiothixene, thiothixene hydrochloride, and trifluoperzine hydrochloride; the 
sedative-hypnotic medications, amobarbital, amobarbital sodium, aprobarbital, 
butabarbital, chloral hydrate, chlordiazepoxide, chlordiazepoxide 
hydrochloride, clorazepate dipotassium, diazepam, diphenhydramine, 
20 estazolam, ethchlorvynol, flurazepam hydrochloride, glutefhimide, . 
hydroxyzine hydrochloride, hydroxyzine pamoate, lorazepam, 
methotiimeprazine hydrochloride, midazolam hydrochloride, non prescription, 
oxazepam, pentobarbital sodium, phenobarbital, phenobarbital sodium, 
quazepam, secobarbital sodium, temazepam, tiiazolam, and Zolpidem tartrate; 
25 the stimulants, dextroamphetamine sulfate, methamphetamine hydrochloride, 
methylphenidate hydrochloride, and pemoline; and the anti-hypertensive, 
clonidme. Dosages of these compounds are known in the art, e.g., as provided 
in the Merck Manual of Diagnosis & Therapy (17* Ed. MH Beers et al., Merck 
& Co.) &ad Physicians 'Desk Reference 2003 (57* Ed. Medical Economics 
30 Staff et al.. Medical Economics Co., 2002). 
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Disorders Associated with the Amygdala 

The amygdala is associated with myriad neurological and psychological 
disorders, such as bipolar disorder, anxiety disorders such as panic disorder, 
obsessive-compulsive disorder (OCD), post-traumatic stress disorder (PTSD), 
phobias (e.g., specific phobia and social phobia), and generalized anxiety 
disorder (GAD), schizophrenia, ADHD, depression, substance use, and 
cyclothymia. Preferred disorders associated with the amygdala include bipolar 
disorder, anxiety disorders such as panic disorder, post-traumatic stress 
disorder (PTSD), phobias (e.g., specific phobia and social phobia), and 
generalized anxiety disorder (GAD), a substance use disorder, and 
cyclothymia. 

An exemplary disorder associated with the amygdala is bipolar disorder. 
Bipolar disorder is characterized by changes in mood between manic, major 
depressive, mixed, and hypomanic episodes. The disorder may also be 
associated with impairment of work-related, social, or personal functioning. 
Individuals suffering firom bipolar disorder may exhibit inappropriate 
emotional responses and poor judgment compared to healthy individuals and 
may also exhibit altered responses to emotional stimuli. 

Another example of a disorder associated with the amygdala is 
substance use disorder, e.g., abuse of or dependence on a substance, such as 
alcohol, opiates, morphine, cocaine, or heroin. Substance abuse is the 
excessive use of a substance, particularly one that may modify body functions, 
such as alcohol or opiates. Substance dependence is any form of behavior that 
indicates an altered or reduced ability to make decisions resulting, at least in 
part, firom the use of a substance, e.g., alcohol or opiates. Representative forms 
of dependency behavior may take the form of antisocial, inappropriate, or 
illegal behavior and include those behaviors directed at the desire, planning, 
acquiring, and use of the substance. This term also includes the psychic 
craving for the substance that may or may not be accompanied by a 
physiological dependency, as well as a state in which there is a compulsion to 

11 
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take the substance, either continuously or periodically, in order to experience 
its psychic effects or to avoid the discomfort of its absence. Forms of 
d^endency include habituation, that is, an emotional or psychological 
dependence on a substance to obtain relief from tCTsion and emotional 
5 discomfort; tolerance, that is, the progressive need for increasing doses to 

achieve and sustain a desired effect; addiction, that is, physical or physiological 
dependence which is beyond voluntary control; and use of a substance to 
prevent withdrawal symptoms. Dependency may be influenced by a number of 
factors, including physical characteristics of the user (e.g., genetic 
1 0 predisposition, age, gender, or weight), personality, or socioeconomic class. 

Imaging of the Effects of Secretin on the Amygdala 

To determine the specific neurophysiological effects of secretin on 
cortical activation, £MRI techniques were applied to healthy control subjects 

1 5 during the viewing of affective faces. Based on our previous findings of 
increased amygdalar activation in response to viewing fearfiil facial stimuli, 
and the preclinical research suggesting that secretin activates amygdala 
• neurons, we hypothesized that following the administration of IV secretin, 
healthy control subjects would show increased magnitude of BOLD signal 

20 change in response to affective stimuli, specifically fearfiil faces. Our study 
design mcluded a placebo controlled arm to ensure that measured response 
change was associated with drug administration and not the result of 
participation in study procedures. Furthermore, we included three types of 
affective stimuli (happy, fearful, and neutral) to examine the specificity of 

25 amygdalar response. 

Methods 

Subjects. Functional neuroimaging data were collected from native 
English speakmg, non-psychiatiic subjects, ranging m age from 22 to 34 years 
30 (Table 1). All subjects received the Structured Clinical Interview for DSM-IV, 

12 
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Patient edition (Spitzer et al., 1989) to ensure that no history of psychiatric 
disorder was present, and all subjects had normal or corrected-normal vision. 
Subjects with a history of head injury, past psychotropic medication use, 
seizure disorder, substance use or dependence, or neurological disorder were 
5 excluded. Additionally, subjects who expressed reticence about entering the 
magnet environment or who could not complete the scanning protocol because 
of claustrophobia were removed from the study. All subjects signed an 
informed consent, which described in detail the scanning procedures and which 
had been approved by the McLean Hospital Institutional Review Board. 

10 



Table 1. Sijbject demographics 



Subject Number 


Age 


Hand 


Education (yrs) 


Weight (kg) 


1 


26 


R 


16 


69.5 


2 


25 


R 


16 


78.6 


3 


24 


R 


16 


86.8 


4 


22 


L 


16 


60.5 


5 


28 


R 


16 


73.6 


6 


24 


L 


16 


63.6 


7 


24 


R 


16 


80.9 


8 


24 


R 


16 


62.1 


9 


30 


R 


18 


106.1 


10 


23 


R 


14 


88.2 


11 


25 


L 


18 


114.3 


12 


34 


L 


13 


97.5 




drug 


24.83 


2L, 4R 


16.00 


72.10 


placebo 


26.67 


2L. 4R 


15.83 


91.52 




Itotal average 


25.75 


4L, 6R 


15.92 1 


81.81 


it-test (p values) 


0.420 


N/A 


0.85 


0.07 



Upon entering the scanner, an IV line was started in an antecubital vein 
1 5 and subjects were randomly assigned to receive either placebo (saline) or 

RG1068 (synthetic human secretin). Drag was administered at 0.4 |iig/kg via 
the IV catheter over 1 min. A 3-way stop-clock device with a heparinized line 
was used to collect blood samples immediately preceding the infusion of 
RG1068 or placebo and at variable points post infusion for drug 
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phaimacokinetic analysis. Vital signs were monitored for at least 20 minutes 
after infusion. Prior to the infusion, subjects completed three affective 
challenge paradigms which had been explained to them before entering the 
scanner. Subjects completed the same pai-adigms one hour following infusion 
5 with either placebo or RG1068 for pre/post comparison (Figure 1). This time 
course was chosen on the basis of previous animal studies which demonstrated 
significant changes in amygdala gene expression one hoiu: following RG1068 
administration (Goulet et al., 2003a). 

1 0 Stimulation Paradigms. Three visual activation tasks were presented 

over separate scanning epochs for aU subjects: 1) neutral facial affect, 2) happy 
facial affect, and 3) fearful facial affect Prior to the scan, subjects were 
instructed to view the stimuli and to silently identify the facial expression 
presented. Stimuli were generated by a Macintosh computer and were 
1 5 projected with a magnetically shielded LCD video projector onto a translucent 
screen placed at the subjects' feet, The subjects were able to see the screen by 
the use of a mirror placed above their heads in the scanner. Each scan 
sequence or epoch was divided into five alternating 30 second segments of rest 
and activation that lasted for a total of 150 seconds. During baseline and 

20 recovery periods, subjects were asked to visually fixate on a white fixation 
point in the middle of the screen. During activation periods, subjects were 
required to remain silent and asked to view 3 faces, presented for 9.5 seconds 
each, in order to determine the facial expression presented. All faces presented 
were different individuals showing fearful, happy or neutral expressions; no 

25 commingling of stimulus type occurred within a scannmg epoch; at the 

conclusion of each scanning epoch, subjects were asked to report the facial 
affect displayed. Fearful expressions were chosen based on previous work 
which showed an amygdala related response to fearful faces (Adolphs et al., 
1994; Adolphs, 1995). The faces used were black and white photographs taken 

30 firomEkman, 1976. 

14 
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Imaging Methods. Functional imaging data were acquired on a 1.5 
Tesla GE LX MRI scanner equipped with a quadrature RF head coil (TR = 3 
sec, TE = 40 msec, flip angle = 90 degrees). Head motion was minimized by 
comfortable placement of foam padding around the head and a tape strip across 
the forehead. Functional images were collected from coronal slices which 
covered the entire brain with a 20 cm field of view and a 64 x 64 acquisition 
matrix, with an in-plane resolution of 3.125 x 3.125 x 7 mm. Blood Oxygen 
Level Dependent (BOLD) activation data were collected during the three 50- 
scan (i.e,, 150 sec) runs, each consisting of five alternating 30-second 
control/task periods. Three dunmiy images were taken at the outset of each 
functional scan to reduce non steady-state efifects. Matched Tl-weighted high- 
resolution images were also collected for every subject at the beginning of the 
scanning session. 



15 Image Processing and Analysis. Functional images were corrected for 

motion in SPM99 using an intra-run realignment algorithm that uses the first 
image as a reference. A criterion of 1 mm of head motion in any direction was 
used as an exclusionary criterion. No subject had motion exceeding this 
threshold in the present study. BOLD fMRI data were convolved into three- 

20 dimensional space and smoothed using an isoti:opic gaussian kemel (fiiU width 
half maximum [FWHM] = 4 mm). Images were resliced to 2 x 2 x 2 mm 
withm Montreal Neurological Institute (MNT) space using sine interpolation. A 
statistical parametric map was generated for each subject using the general 
linear model within SPM99 (Friston et al., 1995a; Friston et al., 1995b) with a 

25 hemodynamically corrected box-car waveform employed as the reference 
paradigm. Multisubject SPMs were created using a fixed effect model to 
determine the mean suprathreshold activation for the neutral, happy, and fearfiil 
affect conditions. The SPM maps were displayed on an average template brain 
in the standardized coordinate space of the Montireal Neurological Institute 

30 within SPM99 (Adolphs et al., 200 1). Linear contrasts were then conducted 

15 
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between the post-treatment and pre-treatment conditions to isolate the change 
in amygdalar activation that was present between treatment groups. To reduce 
Type I error, the group SPMs and all contrasts were set to an a priori threshold 
of p < .005, uncorrected, with a minimum cluster-size threshold set at 4 
5 contiguous voxels. 

Results 

Behavioral Performance Data 

All subjects were required to identify the emotion or affect portrayed by 
10 the fecial stimuli presented during the scanning protocol at the conclusion of 
each epoch. Although no significant association was found between change in 
signal intensity data and performance on the facial affect recognition task, it is 
of note that these normal subjects correctly identified 80-100% of the facial 
affect presented. 

15 

Neuroimaging Data 

Baseline Analysis. In order to determine whether or not the presence of 
an intravaious needle would alter activation significantly in response to the 
challenge paradigms, we compared two groups of six healthy subjects on the 

20 fearfiil facial activation task; one group had an IV needle attached to a saline 
drip placed into an antecubital vein, the other had no IV in place. To test the 
null hypothesis that the mean activation in healthy volunteers with intravenous 
needle is equal to the mean activation in healthy volunteers without intravenous 
needle, we used a two-sample t-test (with the significance threshold set at g 

25 =0.001) on t-contrast images in SPM 99. No significant differences were 

detected between the IV and no IV groups for amygdalar activation (data not 
shown). Further coinparisons were made to determine whether subjects 
showed selective responsivity to the valence of the facial stimuli. During the 
baseline condition, subjects produced significant amygdalar response to fearful 

30 faces (Figures 2A-2C). 
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T reatment Effects. Blood samples were taken over the first 60 minutes 
post dosing, and samples from subjects receiving RG1068 were used to 
quantify secretin blood levels. Secretin reached a Cmax (2 min) of 5.1 ng/ml 
and was eliminated with a half-life (2-20 min) of 3.7 min. Both the Cmax and 
5 the elimination rate are consistent with values observed after similar secretin 
infusions in adults (Christ et al., 1988). Whole brain T2 measures were 
obtained to verify that no global metabolic effect occurred with the 
administration of secretin. No significant differences were found between 
pre/post placebo administration (p=0.89) and pre/post secretin administration 
1 0 (p=0.38), indicating that secretin has a more region-specific effect on the brain. 

Subtraction Analyses. To determine the patterns of activation produced 
by each treatment condition relative to the other, the post-drug and pre-drug 
conditions were subjected to a subtraction analyses in SPM99 and hypotheses 

1 5 regarding the activation of the left and right amygdala were tested using a 
region of interest (ROI) approach. Anatomic regions were automatically 
defined using an anatomic MRI atias (Kinkinis et al., 1996), which we have 
previously normalized to the same MNI template (Maldjian et al., 1997). MNI 
coordinates were converted into the Talairach coordinate system (Talairach and 

20 Toumoux, 1993) using a non-linear transform (Duncan et al., 2000). Left and 
right amygala ROIs were determined usmg the Talairach Daemon (Lancaster et 
al., 1997; Lancaster et al., 2000). Subtraction of the treatnent- baseline 
activation during the fear condition yielded significant (p = .001) activation in 
the right amygdala [MNI coordinates: 25, -7, -11] and a non-significant 

25 increase in activation in tiie left amygdala (Figures 3A-3C). No significant 

differences were seen between the treatment conditions for the amygdala when 
viewing happy or neutral faces. 
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DisciKtsion 

Results from the current investigation examining BOLD changes in 
response to fearful face stimuli support the hypothesis that secretin alters 
amygdala responsiveness to affective stimuli. This fMRI observation of a 
5 metabolic effect on the amygdala region was not related to task performance, 
as both groups performed the task equally weU, suggesting that these findings 
are not dependent on labeling of affect or effortful processing. Furthermore, 
the increased amygdalar activation was not secondary to an IV catheterization. 
Thus, induction of metabolic changes in the amygdala during facial affect 
10 processing could be mediated through a variety of signaling pathways. 

The dopaminergic system is a prime candidate in this regard since the 
amygdala receives dopaminergic inputs from both the ventral tegmental area 
(VTA) and the substantia nigra (SN). In addition, recent fMRI studies have 
shown that amygdala function is modulated, at least in part, by dopamine 

15 (Hariri et al., 2000; Tessitore et al., 2002). In the investigation by Tessitore 
and colleagues (2002), patients with Parkinson's disease (PD) were studied in a 
hypodopaminergic state and again during a dopamine replete state while 
performing a processing task of fearful facial affect. Amygdalar response was 
potentiated m the dopamine replete state, which the authors suggested may 

20 reflect dopamine gating of amygdalar inputs and increased amygdalar neuronal 
activity (Tessitore et al., 2002). Using an affective challenge paradigm similar 
to the one of the current study, Hariri and colleagues (2002) reported 
potentiation of amygdalar response secondary to the administration of 
dextroamphetamine, a monoamine agonist that works via dopamine 

25 transmission (Hariri et al., 2002). Our results ate consistent with these imaging 
studies, as well as preclinical pharmacologic investigations of the amygdala. In 
one such study which utilized in vivo intracellular recordings in the rat, 
Rosenkranz and Grace (2001) demonstrated that dopamine potentiated 
amygdala response by attenuating the inhibitory influence of prefrontal inputs 

30 and augmenting the excitatory influence of sensory inputs (Rosenkranz and 
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Grace, 2001). Thus, alterations of the dopaminergic system that lead to 
increased amygdalar activation may be either inhibitory or excitatory; 
specifically, excitatory efifects may occur in response to direct dopamine 
related innervation of the amygdala, whereas, inhibition of prefirontal cortical 
5 regions would also result in increased amygdala response. 

Taken together, these complementary human and animal findings 
suggest that one possible mechanism by which secretin may modulate affective 
processing is through alteration(s) of the dopaminergic neurotransmitter 
system. Tyrosine hydroxlyase (TH), a key enzyme for dopamine synthesis, has 

1 0 been shown to be increased secondary to the administration of secretin. 

Roskoski et al. (1989) reported a 2 to 3 fold increase in TH concentration in 
PC12 cells of the rat following the administration of either secretin or 
vasoactive intestinal polypeptide (VIP); secretin was found to be three times 
more potent than VIP (Roskoski et al., 1989). Studies of secretin receptor 

1 5 localization in rats have reported peptide binding activity within the nucleus of 
the solitary tract and laterodorsal thalamic nucleus, as well as the orbital, 
cingulated, and amygdalar regions (Nozaki et al., 2002a). In a related 
investigation, Nozaki and colleagues found that the depletion of dopaminergic 
neurons during the neonatal period in rats resulted in increased secretin binding 

20 within the caudate/putamen. Following central administration of secretin, 
dopamine and its metabolites were shown to be increased within the cerebral 
, cortex, striatum and pons/medulla (Nozaki et al., 2002b). 

The interaction of the dopaminergic system with other 
neurotransmitters, including serotonin, glutamate, and GABA could not be 

25 examined with the current study design. However, more than one 

neurotransmitter system may be affected. For instance, the effects of secretin 
on amygdalar reactivity in this study may also have been mediated through 
alterations in GABAergic function. Yung and colleagues have previously 
reported that administration of secretin selectively facilitates GABAergic 

30 neurons within the rat cerebellum (Yung et al, 2001). 
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Glutamatergic neurons, the main excitatory neurotransmitter in the 
human brain, originate in multiple brain regions, including the amygdala 
(Hardingham and Bading, 2003). Previous studies have demonstrated that in 
rats, blockade of GABAergio function via the injection of a GABAergic 
5 antagonist directly into the amygdala results in anxiogenic effects, with 
behavioral and physiologic characteristics similar to human anxiety states 
(Saunders et al., 1990). Results from that study indicate that increased activity 
of amygdalar function with reduced GABAergic inhibition of function 
produced notable increases in heart rate and blood pressure. Alternatively, it 

1 0 should be noted that GABA agonists like benzodiazapenes can show Fos 
activation in the central amygdala (MorelU et al., 1999) as was seen with 
secretin (Goulet et al., 2003a). Taken together, these findings suggest that the 
administration of secretin selectively increases GABAergic function, which has 
implications for disorders associated with hypoglutamergic function. 

1 5 Several factors should be considered in interpreting the study findings. 

The sample size of each of the study groups consisted of 6 subjects, which 
limits the generalizability of our findings. With regard to experimental design, 
the current study utilized a block approach to fMRI techniques as compared to 
single event fMRI approaches. While the single event technique can provide 

20 more precise temporal information regarding response to individual trials, the 
resultant cortical signal intensity change is small and may not yield sufiScient 
signal to noise in all paradigms (Buckner et al., 1996). Furfliermore, 
interpretation of data still involves averaging responses over multiple stimulus 
presentations (McKeown et al., 1998). In this study, where the investigation of 

15 activation in the amygdala was of primary importance, a block design was used 
in order to assure the detection of adequate cortical signal. 

In human studies, the amygdala has been shown to be a key structure for 
the regulation of social and emotional responses (Adolphs et al., 1998; Emery 
and Amaral, 2000). Despite the increased temporal and spatial sensitivity 

>0 offered by fMRI techniques, mesiotemporal regions, including the amygdala, 
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present special challenges for fMRI studies because of the difficulty in 
resolving their location and in obtaining signal from these regions (Rohan et 
al., 2001). However, our group statistical maps indicated significant activation 
in the amygdala under the fear condition, demonstrating that detectable signal 
5 change could be found for some conditions. We interpret the lack of 

significant amygdalar activation during the happy and neutral conditions as an 
indication of Ae reduced stimulus response to these affective challenges; 
however, it is possible that these reduced activation patterns are related to poor 
signal due to field inhomogeneities. This observation of secretin effect on 

1 0 BOLD signals in the amygdala may have relevance to observations of secretin 
activity in autism, a developmental disorder characterized by abnormal 
amygdala responses to affective stimuli (Howard et al., 2000; Adolphs et al., 
2001), In a phase n study of 126 autistic children receiving three intermittent 
infusions of secretin over six weeks, a significant improvement in social 

1 5 fimctioning was observed (Schneider et al., Nov. 1-2, 2002). Impairments in 
social cognition in autism have been hypothesized to be a manifestation of 
abnormahties in amygdala function (Baron-Cohen et al., 2000; Howard et al., 
2000; Adolphs et al., 2001). Given hypotiieses of amygdalar dysfunction in a 
number of neuropsychiatric diseases, including autism, and the demonstrated 

20 effects of secretin on the amygdala, secretin is of potential therapeutic use in 
disease states that display abnormal amygdala activity. 
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Other Embodiments 

Modifications and variations of the described methods of the invention 
1 5 will be apparent to those skilled in the art without departing from the scope and , 
spirit of the invention. Although the invention has been described in 
connection with specific desirable embodiments, it should be understood that 
the invention as claimed should not be unduly limited to such specific 
embodiments. Indeed, various modifications of the described modes for 
20 carrying out the invention, which are obvious to those skilled in the art, are 
intended to be within the scope of the invention. 

All publications, patents, and patent applications mentioned in this 
specification are herein incorporated by reference to the same extent as if each 
individual publication, patent, or patent application was specifically and 
25 individually to be incorporated by reference. 

Other embodiments are within the claims. 



What is claimed is: 
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